Introduction {#s1}
============

Patients suffering from post-traumatic stress disorder (PTSD) may present disruption in the inhibitory action mediated through α~2~-adrenoceptors ([@CIT0033]) and enhanced noradrenergic activity ([@CIT0026]), particularly shortly after the occurrence of the traumatic event ([@CIT0035]; [@CIT0050]), a period in which the consolidation of the corresponding memory is taking place ([@CIT0011]). Possibly owing to the overconsolidation of this aversive learning, these patients tend to retrieve the memory spontaneously and recurrently ([@CIT0013]) and express generalized fear/anxiety responses ([@CIT0021]). However, the premise that an abnormal aversive memory formation would lead to the development of features related to PTSD, besides impaired extinction, has frequently been neglected at a preclinical level. Moreover, studies aimed at modeling this psychiatric condition to investigate interventions that could have clinical relevance to its treatment have predominantly dealt with normal fear memories, including those acquired through classical conditioning and which induce behavioral and cardiovascular changes on the animal's re-exposure to the paired context, for instance.

Based on the above, it would be of potential interest to manipulate the noradrenaline level during the contextual fear memory consolidation in laboratory animals to mimic aspects of this clinical condition, which could improve the translational value of the findings. In this regard, yohimbine can be a useful pharmacological tool because it antagonizes the inhibitory action mediated through somatic and/or dendritic pre-synaptic α~2~-adrenoceptors, stimulating the locus coeruleus ([@CIT0019]), which is known to increase the noradrenaline release in several brain regions necessary for emotional memory processing ([@CIT0040]). Furthermore, as yohimbine acts as an indirect sympathomimetic agent, the endogenous neurotransmitter is the one that ultimately intensifies the noradrenergic transmission, an outcome that could be considered a non-artificial way of inducing PTSD-like memories.

One of the potential strategies under investigation for PTSD management is to uncover/develop a safe method to uncouple, attenuate, or even erase the negative valence associated with aberrant and enduring aversive memories underlying the core of this psychiatric condition ([@CIT0006]; [@CIT0009]; [@CIT0032]). Of potential relevance to this matter is convergent evidence demonstrating that an established contextual fear memory, for instance, can again be rendered labile and susceptible to interference after its retrieval and reactivation ([@CIT0002]; [@CIT0012]). Memory reactivation can be followed by a new phase of stabilization referred to as reconsolidation, which, in turn, is thought to re-establish and maintain it over time ([@CIT0030]; [@CIT0039]; [@CIT0046]). Various drugs are able to disrupt the reconsolidation of conditioned fear memories in laboratory animals and healthy humans ([@CIT0037]; [@CIT0005]; [@CIT0015]; [@CIT0041]). Taking into account that an abnormal aversive memory may be less prone to intervention ([@CIT0043]), it would be important to verify whether clinically-approved drugs that are also reported to be reconsolidation blockers, such as the α~2~-adrenoceptor agonist clonidine ([@CIT0015]; [@CIT0016]) and cannabidiol ([@CIT0045]), the major non-psychotomimetic component of *Cannabis sativa* that indirectly potentiates the cannabinoid type-1 receptor-mediated transmission ([@CIT0007]), would still be sufficiently effective in this case, which could encourage further investigation of their efficacy in PTSD patients.

The present study sought to investigate the applicability of associating contextual fear conditioning with a single and systemic administration of yohimbine, while the aversive learning was being consolidated, to induce concurrent PTSD-related features that would allow a more effective search for potential therapeutic interventions. The working hypothesis was that mimicking the enhanced noradrenergic activity reported in PTSD patients could generate an enduring PTSD-like memory in laboratory animals, leading to the inability to restrict responses to the appropriate context, and that it would have a differential susceptibility to suppression by extinction or reconsolidation disruption by clonidine and cannabidiol. Thereafter, since signaling at *N*-methyl-D-aspartate (NMDA) glutamate receptors is known to be important for contextual fear memory labilization ([@CIT0005]), and because a PTSD-like memory may be less prone to labilization than is necessary to trigger the reconsolidation process on its retrieval ([@CIT0043]), we hypothesized that the partial NMDA agonist D-cycloserine would be able to allow the disrupting effects of drugs on reconsolidation when administered before retrieving a contextual fear memory consolidated under the yohimbine influence.

Method {#s2}
======

Animals {#s3}
-------

Experiments were performed in male Wistar rats aged 12--14 weeks, kept grouped on a 12h light/dark cycle, and with food and water *ad libitum*. All procedures were approved by the Institutional Ethical Committee for the care and use of laboratory animals of our university in compliance with Brazilian legislation.

Drugs {#s4}
-----

Yohimbine HCl (Tocris) was administered in a dose (1.0mg/kg) able to potentiate fear memory consolidation ([@CIT0016]). The lipophilic β-adrenoceptor antagonist propranolol HCl (10mg/kg) and the hydrophilic β-adrenoceptor antagonist nadolol (10mg/kg) were purchased from Sigma-Aldrich and used to investigate the role of central and peripheral β-adrenoceptors in the enhanced noradrenergic activity induced by yohimbine. In any case, the dose selected was able to prevent the facilitating effects of other β-adrenoceptor agonists on fear memory consolidation ([@CIT0016]). Clonidine HCl (Sigma-Aldrich; 0.3mg/kg) and cannabidiol (THC-Pharma; 10mg/kg) were administered at putative memory reconsolidation-disrupting doses ([@CIT0045], [@CIT0016]). D-cycloserine (Sigma-Aldrich) was administered in a dose (15mg/kg) able to potentiate fear memory labilization ([@CIT0005]). All drugs were dissolved in 0.9% NaCl, except for cannabidiol, which was dissolved in NaCl 0.9% containing 5% of Tween 80^®^ (Vetec) and administered systemically in a volume of 1.0ml/kg.

Fear Conditioning Apparatus {#s5}
---------------------------

Fear conditioning was performed in a rectangular chamber (35 x 20 x 30cm), with aluminum sidewalls and a front wall and ceiling-door made of Plexiglas, designated herein as Context A. Its grid floor, made of stainless steel bars, was connected to a circuit board and a shock generator (Insight) to enable the delivery of controlled electrical footshocks as detailed subsequently. A second chamber (30 x 30 x 30cm), designated herein as Context B, was made of glass and had a grid lid and transparent walls and floor, to provide contextual cues as different as possible from those of the footshock-paired Context A.

Behavioral Procedures and Data Collection {#s6}
-----------------------------------------

Behavioral testing was conducted under 70 lux, from 1:00 to 6:00 PM. In all experiments, the animal was placed in Context A and allowed to explore it for 3min, as an initial familiarization session, and returned to its home cage. For fear conditioning, the animal was again placed in Context A, during which it received, after an initial 30 s delay, the unconditioned stimulus (three electrical footshocks of 0.7 mA, 60 Hz, for 3 s, with a 30 s inter-trial period). The animal remained in this chamber for another 30 s before returning to its home cage. In Test A, the animal was re-exposed to Context A for 3min in the absence of unconditioned stimulus presentation, whereas in Test B it was exposed to Context B, also for 3min.

Overall, the interval among these experimental sessions was of one day. However, in Experiment 2 the interval between conditioning and Test A was of 14 or 28 days. In Experiment 4 there were Tests A and B before and after an extinction session (re-exposure to Context A for 15min in the absence of unconditioned stimulus presentation), and in Experiment 5 there was a session of memory retrieval (re-exposure to Context A for 3min in the absence of unconditioned stimulus presentation) between conditioning and Test A. A scheme of the experimental design used in each experiment is presented either above the graph or in the legend of the table depicting its data.

Freezing behavior was continuously recorded during the experimental sessions by a video camera. The freezing time was subsequently quantified in seconds and expressed as the percentage of total session time. The time was measured by a trained observer (inter- and intra-rater reliabilities ≥ 90%) blind to the experimental groups.

Systolic Blood Pressure Measurement {#s7}
-----------------------------------

Two hours after Test B, each animal was immobilized in a restraint chamber, placed on a heater pad, and a tail-cuff was placed proximal to its tail. The tail-cuff occluder was used to stop the blood flow on inflation, so that the integrated sensor could detect its return on each deflation cycle using an acquisition system (AD Instruments). After 5min of stabilization, a typical run involved four repetitions of the inflation-deflation cycle. The average of these measures was calculated and used as the indirect systolic blood pressure value.

Statistical Analysis {#s8}
--------------------

The results are expressed as mean ± standard error (SEM). After ensuring the assumptions of normality and homoscedasticity, the freezing times scored in Contexts A and B were subjected to separate one-way, factorial, and/or repeated-measures analysis of variance (ANOVA). For the systolic blood pressure data, a one-way ANOVA was conducted. When ANOVA revealed a significant interaction between independent variables under study, the F values from their main effects were omitted. The Newman-Keuls test was used for post hoc comparisons. When there were two groups and no context re-exposure was performed, an unpaired two-sample student's t-test was conducted. The statistical significance level was set at *p* \< 0.05.

Results {#s9}
=======

Experiment 1: Facilitating Effect of Yohimbine on Memory Consolidation Induces Generalized Fear Expression Accompanied by Increased Systolic Blood Pressure {#s10}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether the facilitating effect of yohimbine on memory consolidation could induce generalized fear expression, 36 contextually fear-conditioned rats were randomly allocated to four groups (n = 8--10/group) based on the systemic treatment (vehicle or yohimbine) and the moment it was given (immediately or 6h post-conditioning session).

The two-way ANOVA showed a significant drug treatment versus moment of drug injection interaction (*F* ~1,32~ = 46.0; *p* \< 0.00001) for freezing time on exposure to the unpaired Context B (Test B). As shown in [Figure 1](#F1){ref-type="fig"}, animals treated with yohimbine immediately after conditioning expressed significantly more freezing than controls during Test B, indicating fear generalization. All groups presented a comparable (*F* ~1,32~ = 0.07; *p* = 0.78) amount of freezing time when re-exposed to the paired Context A (Test A), probably owing to the achievement of an asymptotic level of this conditioned behavior under our experimental conditions, in which Context A was paired with three shocks.

![Yohimbine (YOH; 1.0mg/kg i.p.) induces a generalized fear expression when administered immediately after acquisition of a contextual fear memory in rats. This effect was no longer observed when it was given after the completion of the process of memory consolidation (6h post-acquisition). Animals were subjected to Tests A and B undrugged. The scheme above the graph represents the experimental design adopted. Arrowheads indicate the moment of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 8--10/group). \**p* \< 0.05 from the respective control group (VEH).](ijnppy_pyu026_f0001){#F1}

To support the assumption that pairing Context A with three or more shocks induces a similar level of freezing during Test A, 30 naive rats were randomly allocated to three groups (n = 10/group) based on the number of shocks delivered during conditioning (1, 3, or 5).

The one-way ANOVA showed a significant effect of the number of shocks for freezing time on the re-exposed rats to paired Context A (*F* ~2,27~ = 31.8; *p* \< 0.000001). As shown in [Table 1](#T1){ref-type="table"}, the 1-shock group expressed statistically less freezing than both the 3- and 5-shock groups, while no statistically-significant differences between the two latter groups were observed. This result suggests that this conditioned behavioral response has indeed achieved an asymptotic level. Moreover, there was no significant effect of the number of shocks for freezing time during Test B (*F* ~2,27~ = 1.7, *p* = 0.20).

###### 

Effects of the number of shocks (0.7 mA, 60 Hz, 3s) delivered during conditioning on the amount of freezing time expressed during re-exposure to the paired Context A (Test A) and exposure to the unpaired Context B (Test B). Animals in which Context A was paired with 3 or 5 shocks behaved equally in both cases. Data are presented as mean ± S.E.M. (n = 10/group).

  ------------------------------------------------------
  Number of shocks\   1            3          5
  ------------------- ------------ ---------- ----------
  Test A              28.3±5.7\*   73.2±4.5   75.3±3.7

  Test B              10.2±3.0     18.5±2.5   19.3±5.4
  ------------------------------------------------------

\**p* \< 0.05 from the three-shock group (one-way ANOVA followed by Newman Keuls test).

To investigate whether systolic blood pressure rises when animals treated with yohimbine after conditioning are exposed to the unpaired Context B (Test B), 28 rats were randomly allocated to three groups (n = 9--10/group) based on the treatment and/or the moment it was given (vehicle immediately post-conditioning and yohimbine immediately or 6h post-conditioning).

The one-way ANOVA showed a significant drug treatment effect (*F* ~2,25~ = 34.9, *p* \< 0.0000001) for this cardiovascular parameter. As shown in [Table 2](#T2){ref-type="table"}, it was significantly increased relative to controls only in the group in which yohimbine induced generalized fear expression: i.e., when the drug was administered immediately after conditioning.

###### 

Fear generalization profile is accompanied by increased systolic blood Pressure. Yohimbine (1.0 mg/kg i.p.) was administrated immediately after pairing Context A with 3 shocks and animals were re-exposed to Context A (Test A) or to the unpaired Context B (Test B) on subsequent days (the experimental design was similar to that depicted in [Figure 1](#F1){ref-type="fig"}). Two hours after Test B, the systolic blood pressure was measured in restraint animals with a tail-cuff. Animals were undrugged during all test sessions. No statistically significant changes on freezing time were observed during Context A re-exposure (Test A). Data are presented as mean ± S.E.M. (n = 9--10/group).

  Parameter                        \% freezing time on Test A   \% freezing time on Test B   Systolic blood pressure in mmHg
  -------------------------------- ---------------------------- ---------------------------- ---------------------------------
  Vehicle 0h post-conditioning     79.8±2.9                     18.5±2.8                     112.6±2.6
  Yohimbine 0h post-conditioning   79.8±2.1                     51.3±3.7\*                   137.6±2.2\*
  Yohimbine 6h post-conditioning   77.1±1.9                     18.6±4.8                     114.7±2.4

\**p* \< 0.05 from respective control group (one-way ANOVA followed by Newman-Keuls test).

Experiment 2: Generalized Fear Expression is Long-Lasting {#s11}
---------------------------------------------------------

To investigate whether generalized fear expression associated with the facilitating effect of yohimbine on memory consolidation is an enduring feature, 39 animals were randomly allocated to four groups (n = 9--10/group) based on the treatment (vehicle or yohimbine) given post-conditioning and the interval between conditioning and Context B exposure (15 or 29 days).

Two-way ANOVA showed a significant drug treatment effect (*F* ~1,35~ = 88.1, *p* \< 0.000001) for freezing time during Context B exposure. As shown in [Figure 2](#F2){ref-type="fig"}, the two yohimbine-treated groups expressed significantly more freezing time than respective controls in Test B. All groups presented a comparable amount of freezing time during Test A (*F* ~1,35~ = 0.03, *p* = 0.86).

![Generalized fear expression induced by yohimbine (YOH; 1.0mg/kg i.p.) persists over 29 days. Animals were subjected to Tests A and B undrugged. The scheme above the graph represents the experimental design adopted. The arrowhead indicates the moment of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 9--10/group). \**p* \< 0.05 from the respective control group (VEH).](ijnppy_pyu026_f0002){#F2}

Experiment 3: Fear Generalization is Associated with Activation of Brain β-Adrenoceptors {#s12}
----------------------------------------------------------------------------------------

To investigate the relative contribution of central and peripheral β-adrenoceptors to yohimbine-induced enhanced noradrenergic activity and generalized fear expression, 53 animals were randomly allocated to six groups (n = 8--10/group) based on the pretreatment given immediately after conditioning (vehicle, the central β-adrenoceptor antagonist propranolol, or the peripheral β-adrenoceptor antagonist nadolol) and the treatment given 10min later (vehicle or yohimbine). The systemic administration of these drugs was conducted in this interval of time, instead of administrating them concurrently and in the same solution, to minimize the possibility of occurrence of a chemical or pharmacokinetic interaction.

The two-way ANOVA showed a significant drug pretreatment versus treatment interaction (*F* ~2,47~ = 12.6; *p* \< 0.0001) for freezing time during Test B. As shown in [Figure 3](#F3){ref-type="fig"}, vehicle- and nadolol-pretreated animals administered with yohimbine expressed significantly more freezing than their respective controls on Context B exposure. The yohimbine-induced fear generalization, however, was no longer observed in propranolol-pretreated animals. All groups presented a comparable amount of freezing time during Test A (*F* ~2,47~ = 0.09, *p* = 0.91).

![Pretreatment with the central β-adrenoceptor antagonist propranolol (PROP; 10mg/kg), but not the peripheral β-adrenoceptor antagonist nadolol (NAD; 10mg/kg), prevents the generalized fear expression induced by yohimbine (YOH; 1.0mg/kg i.p.) two days later. Animals were subjected to Tests A and B undrugged. The scheme above the graph represents the experimental design adopted. Arrowheads indicate the moment of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 8--10/group). \**p* \< 0.05 from controls (VEH-VEH and NAD-VEH, respectively); ^\#^ Significant difference from the VEH-YOH group.](ijnppy_pyu026_f0003){#F3}

Experiment 4: Fear Memory Consolidated Under the Yohimbine Influence is More Resistant to Extinction {#s13}
----------------------------------------------------------------------------------------------------

To investigate whether overconsolidation of a fear memory induced by yohimbine could affect its later extinction, 22 animals (n = 11/group) were randomly allocated to receive vehicle or yohimbine immediately after conditioning.

As demonstrated earlier, yohimbine-treated animals presented significantly more (*t* ~20~ = 26.7; *p* \< 0.0001) freezing than controls during Test B~1~ ([Figure 4A](#F4){ref-type="fig"}). Both groups expressed comparable (*t* ~20~ = 0.0003; *p* = 0.98) amounts of freezing time during Test A~1~ ([Figure 4A](#F4){ref-type="fig"}).

![Evidence of a relative resistance to extinction of a contextual fear memory consolidated under the yohimbine (YOH) influence. (A) YOH (1.0mg/kg i.p.) induces generalized fear expression when given immediately after the conditioning session, as demonstrated in Experiment 1. (B) In YOH-treated animals, fear memory extinction was acquired more slowly than in controls (VEH). (C) YOH-treated animals did not retain extinction learning as well as controls. They also displayed higher levels of generalized fear two days following a 15min fear extinction session. Animals were subjected to Tests A~1~, A~2~, B~1~, B~2~, and the extinction session undrugged. The scheme above the graph represents the experimental design adopted. The arrowhead indicates the moment of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 11/group). \**p* \< 0.05 from the respective control group; ^\#^significant difference from the first 3min extinction session block in the same group; ^+^significant difference from controls in the same session block; ^σ^significant difference from respective Test A~1~ or Test B~1~.](ijnppy_pyu026_f0004){#F4}

The repeated-measures ANOVA showed a significant drug treatment versus time-bin interaction (*F* ~4,80~ = 4.2; *p* \< 0.01) for freezing time during a 15min session of extinction. As shown in [Figure 4B](#F4){ref-type="fig"}, vehicle- and yohimbine-treated animals expressed significantly less freezing from the second to the fifth 3min session block relative to the first block, but the extinction acquisition rate in yohimbine-treated animals was significantly slower than controls from the third to the fifth 3min block. Moreover, they expressed significantly more freezing time than controls during Test A~2~ (*t* ~20~ = 22.2; *p* \< 0.001) and Test B~2~ (*t* ~20~ = 10.0; *p* \< 0.01; [Figure 4C](#F4){ref-type="fig"}).

When data depicted in [Figure 4A](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"} are compared, the repeated-measures ANOVA showed a significant interaction between drug treatment and re-exposure to Context A (*F* ~1,20~ = 24.2; *p* \< 0.0001) or Context B (*F* ~1,20~ = 4.2; *p* \< 0.05). Both vehicle- and yohimbine-treated groups spent significantly less time performing freezing after (Test A~2~) than before (Test A~1~) fear memory extinction~,~ but this response was virtually absent in the control group only: i.e., yohimbine-treated animals did not retain extinction learning as well as the control group. There was also a significant attenuation in the amount of freezing time expressed by yohimbine-treated animals on Test B~2~ when compared with Test B~1~, although they still presented significantly more freezing time than controls.

Experiment 5: Fear Memory Consolidated Under the Yohimbine Influence Becomes Susceptible to Reconsolidation Disruption After Potentiating its Labilization {#s14}
----------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether the overconsolidation of a fear memory induced by yohimbine could affect the susceptibility of having its reconsolidation disrupted, 58 animals were randomly allocated to six groups (n = 9--10/group) based on the treatment given post-conditioning (vehicle or yohimbine) and the treatment given immediately after a brief retrieval session on the following day (vehicle, clonidine, or cannabidiol).

The repeated-measures ANOVA showed a significant drug pretreatment versus treatment versus Context A exposure interaction for freezing time (*F* ~2,52~ = 24.4, *p* \< 0.000001). As shown in [Figure 5A](#F5){ref-type="fig"}, both clonidine and cannabidiol significantly disrupted the reconsolidation process, because reduced freezing time was observed during Test A in vehicle- but not yohimbine-pretreated animals. For freezing time during Test B, the two-way ANOVA showed a significant drug pretreatment effect (*F* ~1,52~ = 235.2, *p* \< 0.000001). As shown in [Figure 5A](#F5){ref-type="fig"}, all yohimbine-pretreated groups expressed significantly more freezing than respective controls, indicating fear generalization.

![Comparative effects of clonidine (CLO; 0.3mg/kg) and cannabidiol (CBD; 10mg/kg) given alone or associated with D-cycloserine (DCS; 15mg/kg) on the reconsolidation of a fear memory consolidated under the influence of yohimbine (YOH; 1.0mg/kg). (A) In comparison with the control group (VEH-VEH), both VEH-CLO and VEH-CBD groups expressed less fear when re-exposed to the paired context (Test A). However, the disruptive effect of CLO and CBD on memory reconsolidation was no longer observed in YOH-treated animals, which also expressed fear generalization to an unpaired context (Test B). (B) Administrating DCS 30min prior to memory retrieval allows the memory reconsolidation-disrupting effects of CLO and CBD and prevents the generalized fear expression in YOH-treated animals. Animals were subjected to Tests A and B undrugged. Schemes above graphs represent the experimental design of each one of the experiments. Arrowheads indicate the moments of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 7--10/group). \**p* \< 0.05 from the respective controls; ^\#^significant difference from the YOH-DCS-VEH group.](ijnppy_pyu026_f0005){#F5}

To investigate whether potentiating the labilization of the overconsolidated fear memory with D-cycloserine could allow the disrupting effects of clonidine and cannabidiol on reconsolidation, 51 rats were randomly allocated to six groups (n = 7--9/group) based on the pretreatment given immediately after conditioning (vehicle or yohimbine) and the treatment given post-retrieval (vehicle, clonidine, or cannabidiol). All groups received D-cycloserine 30min before memory retrieval.

The repeated-measures ANOVA showed a significant drug treatment versus Context A exposure interaction for freezing time (*F* ~2,45~ = 49.9; *p* \< 0.000001). As shown in [Figure 5B](#F5){ref-type="fig"}, the disrupting effects of clonidine and cannabidiol on reconsolidation were now observed during Test A in both vehicle- and yohimbine-pretreated groups, as they expressed significantly less freezing than respective controls. For freezing time during Test B, the two-way ANOVA showed a significant drug pretreatment versus treatment interaction (*F* ~2,45~ = 10.3; *p* \< 0.001). As shown in [Figure 5B](#F5){ref-type="fig"}, both drugs significantly attenuated fear generalization in yohimbine-pretreated animals relative to respective controls.

Importantly, as shown in [Figure 6](#F6){ref-type="fig"}, at the dose tested D-cycloserine did not interfere, by itself, with memory retrieval/expression or extinction, as no statistically-significant differences were observed (retrieval session: *t* ~16~ = 0.02, *p* = 0.89; Test A: *t* ~16~ = 0.19, *p* = 0.67; and Test B: *t* ~16~ = 0.38, *p* = 0.54).

![D-cycloserine (DCS; 15mg/kg) does not change the amount of freezing time expressed during re-exposures to the paired Context A (retrieval and Test A sessions) or exposure to the unpaired Context B (Test B) relative to controls (VEH) when given 30min before briefly retrieving a contextual fear memory. Animals were subjected to Tests A and B undrugged. The scheme above the graph represents the experimental design adopted. The arrowhead indicates the moment of drug administration. Bars represent the percentage of total time spent freezing. Values are expressed as mean ± SEM (n = 9/group).](ijnppy_pyu026_f0006){#F6}

Discussion {#s15}
==========

The administration of yohimbine during contextual fear memory formation induced an inability to restrict freezing behavior and increased systolic blood pressure to the paired context. These results suggest that enhanced noradrenergic activity while an aversive memory is being consolidated leads to the occurrence of these maladaptive behavioral and cardiovascular outcomes, as observed 48--50h later. As a significant concentration of yohimbine in the rat brain only persists up to 8h ([@CIT0018]), it is believed these findings are not directly attributable to the anxiogenic and/or the hypertensive property of this α~2~-adrenoceptor antagonist ([@CIT0042]; [@CIT0016]). It is worth mentioning that vehicle- and yohimbine-treated animals had a similar time of freezing on the re-exposure to Context A (Test A). A potential explanation for this finding is that this conditioned behavioral response has achieved an asymptotic (in our case, nearly the ceiling) level in controls. Corroborating this assumption, pairing Context A with 3 or 5 footshocks induced a comparable amount of freezing time during Test A, a result that corresponds to that reported in rats subjected to olfactory fear conditioning ([@CIT0023]).

The potentiating effect of yohimbine on fear memory was observed when it was administered immediately after acquisition, but not 6h later. This result reinforces the premise that drug interference is specific to consolidation, as neither fear generalization nor increased systolic blood pressure could be observed when it was given at a time point when this memory phase had already been completed ([@CIT0011]). The absence of changes in these parameters of animals tested 42--44h after being treated with yohimbine also rules out the possibility that the anxiogenic and/or hypertensive action of this drug could explain the results observed. Moreover, the inability to restrict fear to the appropriate context was an enduring feature, being maintained for at least 29 days. This indirectly suggests that the abnormal (generalized) fear memory induced by enhanced noradrenergic activity persists over time, agreeing with the findings reported for PTSD-related memories ([@CIT0035]; [@CIT0014]; [@CIT0051]).

In this study, the antagonism of central rather than peripheral β-adrenoceptors immediately after conditioning was able to prevent the subsequent fear generalization to a neutral and unpaired context induced by yohimbine. Despite the fact that a possible drug-drug interaction between yohimbine and propranolol cannot be discarded, this result is consistent with that reported in healthy humans ([@CIT0042]), and substantiates the premise that these receptors are involved in aversive memory formation ([@CIT0001]). As β-adrenoceptors are expressed in brain regions related to contextual fear memory consolidation, such as the hippocampus ([@CIT0020]), amygdala ([@CIT0024]) and medial prefrontal cortex ([@CIT0047]), they could potentially be the sites where these adrenoceptors are activated after enhancing noradrenergic transmission with yohimbine. Interestingly, these interconnected areas are functionally affected in PTSD patients ([@CIT0015]; [@CIT0032]; [@CIT0051]), a condition that could contribute to the formation and maintenance of their aberrant and enduring aversive memories ([@CIT0027]). The relative contributions of the hippocampus, amygdala, and medial prefrontal cortex in inducing fear generalization, however, are still under investigation. Some studies have related this maladaptive outcome to deficits in pattern separation, which, in turn, may involve the adult hippocampal neurogenesis ([@CIT0022]). Furthermore, both the medial prefrontal cortex and hippocampus belong to a neural circuit related to memory specificity and generalization ([@CIT0049]). Based on these findings, a question to be addressed in future studies is whether noradrenergic hyperactivation through β-adrenoceptors in the hippocampus, and/or its network, could form an overconsolidated fear memory and maintain a generalized fear expression over time. It has been shown that propranolol has limited efficacy in preventing the development of PTSD in humans when given after the traumatic event ([@CIT0034]; [@CIT0044]; [@CIT0017]). At least one key aspect, namely the interval between trauma exposure and administration of this drug (immediately vs. ≥ 6h), may account for this apparent divergence. Indeed, it is able to attenuate the PTSD outcome when administrated at the time of discharging a highly stressful stimulus capable of inducing PTSD features in humans ([@CIT0004]).

A relative resistance to fear extinction following yohimbine-induced generalized fear memory formation is also shown herein. Indeed, despite using a protocol of extinction able to mitigate a contextual fear memory in rats ([@CIT0046]), animals kept expressing significant amounts of conditioned and generalized fear. This result agrees with that seen in healthy humans after enhancing noradrenergic activity during aversive memory consolidation with yohimbine ([@CIT0042]). As it also corresponds to results reported in PTSD patients ([@CIT0028]; [@CIT0006]), the current experimental design may be suitable to investigate pharmacological interventions able to maximize the effectiveness of the extinction approach, which in turn mimics the exposure therapy in humans, a key behavioral intervention for PTSD ([@CIT0008]). It may also allow further investigation of the noradrenergic system's role in brain regions, such as the amygdala, in which a dysfunctional activation has been associated with impaired extinction ([@CIT0028]; [@CIT0010]).

Whereas suppressing the expression of an aversive memory by extinction has often been considered to exert only a temporary effect ([@CIT0038]; [@CIT0027]), interventions affecting reconsolidation tend to induce a more permanent outcome ([@CIT0002]). For instance, the disrupting effects of clonidine (0.3mg/kg) and cannabidiol (10mg/kg) on the reconsolidation of conditioned fear memories are long lasting in rats ([@CIT0015]; [@CIT0045]; [@CIT0016]). Fear memories consolidated under enhanced noradrenergic activity, however, were unaffected by the same dose of these drugs. A potential explanation for this finding is that a generalized fear memory might be less prone to labilization than is necessary to trigger the reconsolidation process on its brief retrieval and reactivation. Corroborating this assumption, administrating D-cycloserine prior to memory retrieval allowed the disrupting effects of clonidine and cannabidiol on reconsolidation, in view of the subsequent attenuation of both conditioned and generalized fear. It has been shown that administering the same D-cycloserine dose used here potentiates the reconsolidation of an auditory fear memory in rats ([@CIT0025]). At least two aspects, namely the baseline levels of conditioned freezing (80 vs. 40%) and nature (abnormal vs. normal) of the aversive memory may account for this divergence. Of note, the latter argument may also explain, at least in part, the divergent results reported by studies investigating the efficacy of potential reconsolidation blockers ([@CIT0034]; [@CIT0048]; [@CIT0044]; [@CIT0029]; [@CIT0010]; [@CIT0017]; [@CIT0042], [@CIT0043]). Our results also highlight two other aspects. First, generalized fear expression, and probably other outcomes related to a PTSD-like memory, can be ameliorated by associating pharmacological interventions that potentiate memory labilization and disrupt its subsequent reconsolidation. Second, the mechanism of action of a drug able to disrupt the reconsolidation of a generalized fear memory may be unrelated to the neurochemical mechanism responsible for inducing it, as both clonidine and cannabidiol were effective.

Not only the inability to restrict fear and increased systolic blood pressure to the appropriate context, but also a relative resistance to behavioral (extinction training) and pharmacological (use of reconsolidation blockers) interventions were shown by combining classical conditioning with a single and systemic administration of yohimbine during contextual fear memory consolidation in rats. With a slight change in conditioning parameters (i.e., pairing Context A with 1 instead of 3 footshocks as used here), this experimental approach has also been found to allow the induction of fear sensitization ([@CIT0016]), which is associated with PTSD ([@CIT0003]) and noradrenergic-mediated signaling mechanisms ([@CIT0031]). Therefore, it seems more relevant than conducting the contextual fear conditioning alone to both model a reliable PTSD-like phenotype and to discover/develop potential interventions for its effective attenuation, such as the dual-step pharmacological approach as demonstrated herein. Another applicability of the current experimental design may be for the investigation of an approach combining pharmacological and behavioral interventions able to maximize the effectiveness of the fear extinction. Moreover, as generalized fear expression was concurrent with the formation of a persistent and extinction-resistant fear memory, it may also arise from overconsolidation induced by enhanced noradrenergic activity, which could extend the original formulation of the PTSD overconsolidation hypothesis ([@CIT0035]).
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